Bioelectric signaling is currently being explored as a novel regulator of cell processes in non-excitable cells. In particular, stem cells have demonstrated increasing evidence of electrophysiology-mediated regulation of stemness acquisition, proliferation, differentiation, and migration. However, in light of many reports of primary stem cell heterogeneity, it is important to characterize the variability of stem cell response to biophysical manipulations in order to assess the utility of bioelectric modulation as a universal strategy for stem cell control. In this work, human mesenchymal stem cells (hMSCs) from five donors were evaluated for their response to membrane potential (V mem ) depolarization. We compared the inter-donor variability of their osteogenic and adipogenic differentiation potential, as well as their ability to maintain a differentiated phenotype after induction. We identified the markers that responded most consistently across donors and found that calcium deposition and gene expression of bone sialoprotein, lipoprotein lipase, and fatty acid binding protein 4 are the preferred markers for assessing differentiation response to V mem depolarization. We also note that since there exists variability even among some of these markers, these assays should be performed on any newly acquired hMSC population if their bioelectric properties are to be studied further.
electrophysiology in the regulation of cell function is an area of active investigation for non-excitable cells, including stem cells. HMSCs express several ion currents, including Ca 2+ -dependent K + currents, delayed rectifier K + currents, transient outward K + currents, and slow-activating currents 33 . They express several ion channels, including Kv4.3, MaxiK, L-type Ca 2+ channels, and hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channels 34 . However, the expression of these ion channels and currents has not been investigated in terms of consistency of response among primary cells from different donors. Beyond its relevance for potential excitable functions, hMSC electrophysiology is also of interest because of its role in regulating hMSC differentiation toward osteogenic (OS) and adipogenic (AD) lineages. We have previously reported that the resting membrane potential (V mem ) of hMSCs undergoes endogenous hyperpolarization during both OS and AD differentiation, and that this hyperpolarization is required for differentiation 35 . Artificial depolarization suppresses OS and AD differentiation, while artificial hyperpolarization augments OS differentiation 35 . Endogenous V mem also plays a role in maintenance of the differentiated phenotype in hMSCs that have been pre-differentiated toward osteoblasts or adipocytes 36 . The ability to control cell fate and lineage decisions using electrophysiology would be a powerful addition to current methods of stem cell regulation. However, to date, efforts toward this end have not included a systematic assessment of the heterogeneity of hMSC response to bioelectric signals, which is critical for understanding how effective this strategy will be for primary cells that may differ significantly from donor to donor. More broadly, an understanding of robustness and intrinsic variability in bioelectric network pathways is important in order to take advantage of voltage-based pathways for regenerative medicine and synthetic bioengineering applications [37] [38] [39] [40] [41] [42] .
In the present study, we examined the effects of V mem depolarization on the differentiation response of hMSCs derived from five different donors. First, we depolarized hMSCs undergoing OS or AD differentiation to investigate the effects of depolarization on the differentiation process. Subsequently, we depolarized hMSCs after pre-differentiating them toward osteoblasts or adipocytes to investigate the effects of depolarization on maintenance of the differentiated phenotype. We compared the five cell sources to determine whether the hMSCs exhibited a consistent response to electrophysiological modulation. We also compared different tissue-specific markers to determine which markers displayed the most consistent response to depolarization. To our knowledge, this is the first report addressing the inter-donor heterogeneity of stem cell responses to electrophysiological modulation.
Materials and Methods
Cell culture. Bone marrow aspirates were obtained through Lonza's Research Bone Marrow Donor Program (Hopkinton, MA) following approved guidelines for informed consent. Bone marrow donors were healthy males between the ages of 18 to 25 (Donor A, 25 yrs; Donor B, 25 yrs; Donor C, 22 yrs; Donor D, 25 yrs; Donor E, 18 yrs). HMSCs were isolated from aspirates as previously described 35 . Briefly, whole bone marrow aspirates were plated in tissue-culture treated flasks at a density of 10 uL aspirate per cm 2 and were cultured in control medium (Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum, penicillin (100 U/mL), streptomycin (100 μ g/ mL), and 0.1 mM non-essential amino acids) supplemented with basic fibroblast growth factor (bFGF, 1 ng/mL) (Invitrogen, Carlsbad, CA). Cells were cultured in a humidified incubator at 37 °C with 5% CO 2 . Hematopoietic stem cells suspended in the aspirate were removed from the adherent hMSCs after approximately five days. Upon reaching near confluence, cells were trypsinized and frozen. For subsequent cell expansion, cells were grown in control medium at 37 °C maintained at 5% CO 2 and 5% O 2 . To begin differentiation, cells (passages two through four) were switched to either osteogenic or adipogenic differentiation media and normoxic conditions. Osteogenic medium consisted of α -MEM supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100 μ g/mL), 10 mM β -glycerophosphate, 0.05 mM L-ascorbic acid-2-phosphate, and 100 nM dexamethasone (Sigma-Aldrich, St. Louis, MO). Adipogenic medium consisted of control medium supplemented with 0.5 mM 3-isobutyl-1-methyl-xanthine, 1 μ M dexamethasone, 5 μ g/mL insulin, and 50 μ M indomethacin (Sigma-Aldrich, St. Louis, MO). Undifferentiated hMSCs were maintained in control medium.
V mem depolarization. To induce V mem depolarization, the concentration of K + in the extracellular medium was elevated by the addition of potassium gluconate to the differentiation media. Changing the extracellular [K + ] is predicted to alter V mem according to the Goldman-Hodgkin-Katz equation. V mem depolarization in hMSCs in response to elevated extracellular [K + ] has been previously measured with sharp microelectrode recordings and with voltage-sensitive dyes 35 . The final concentration of supplemented [K + ] was 40 mM for osteogenic differentiation studies and 80 mM for adipogenic differentiation studies. For studies of the effect of depolarization on osteogenic or adipogenic differentiation, depolarization and differentiation were started on the same day, and this was considered Day 0. Depolarizing medium was replenished at each medium change until cells were harvested for the various time point analyses.
For the second set of studies of the effect of depolarization after pre-differentiation, the cells were first pre-treated for two weeks in differentiation or control medium. After this period of pre-treatment, cells were switched to either high K + -containing differentiation medium, normal differentiation medium, or control medium for one additional week before harvesting cells for analysis. All analyses for this second set of studies were performed at this time point.
Quantitative PCR. Quantitative PCR was performed to evaluate gene expression in depolarized cells. For the studies of depolarization during differentiation, RNA was collected on Day 7, while for the studies of depolarization after pre-differentiation, RNA was collected on Day 21. RNA was isolated by phenol-chloroform extraction, followed by additional purification using RNEasy mini spin columns (Qiagen). Reverse transcription was performed using the High-Capacity cDNA Archive Kit following the manufacturer's instructions (Applied Biosystems, Foster City, CA). Osteogenic and adipogenic gene transcripts were amplified using the Brilliant III Fast qPCR Master Mix (Agilent Technologies) and quantified on a Stratagene Mx3000P QPCR System (Stratagene, La Jolla, CA).
Primers and probes for osteogenic and adipogenic genes were obtained from TaqMan ® Gene Expression Assay kits (Applied Biosystems). Transcript levels were normalized to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and were reported relative to corresponding levels in undifferentiated hMSCs (n = 3-6).
Alkaline phosphatase (ALPL) activity. ALPL activity was measured on Day 14 for cells depolarized during osteogenic differentiation and on Day 21 for cells depolarized after pre-differentiation. ALPL activity was quantified in osteogenic cells using a biochemical assay that measures the amount of p-nitrophenol converted from p-nitrophenyl phosphate (pNPP) by ALPL. Samples were lysed in 0.2% v/v Triton X-100 in 5 mM MgCl 2 , centrifuged at 16,000g at 4 °C for 10 min, and cleared of cellular debris. Supernatants were incubated at 37 °C with pNPP substrate in 2-amino-2-methyl-1-propanol buffer for 1.5 hours. The reaction was stopped with 0.2 M NaOH, and the absorbance of the colored product was measured at 405 nm (n = 3-8).
Calcium quantification. Total calcium levels were quantified on Day 21 for all osteogenic samples using the Calcium CPC Liquicolor Kit (Stanbio Laboratory) according to the manufacturer's instructions. Calcium was eluted from samples by incubation in 5% trichloroacetic acid. Cellular debris was removed by centrifugation at 16000g for 5 min at 25 °C. Samples were incubated with assay reagent for 5 min, and the absorbance of the end product was measured at 575 nm (n = 3-7).
DNA quantification. For normalization of ALP activity and calcium quantification data on Days 14 and 21, DNA content of samples was measured using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) according to the manufacturer's instructions. Briefly, samples were lysed in 0.2% v/v Triton X-100 in 5 mM MgCl 2 , centrifuged at 16000g at 4 °C for 10 min, and cleared of cellular debris. Supernatants were diluted with TE buffer and incubated with PicoGreen reagent, and fluorescence was measured at excitation and emission wavelengths of 480 and 520 nm, respectively (n = 3-7).
Oil Red O (ORO) staining. Lipid droplets were stained with ORO and visualized by light microscopy on Day 21 for adipogenic samples. ORO stock solution was prepared by dissolving 40 g ORO powder into 200 mL isopropanol. A working solution of ORO was prepared by mixing 6 parts ORO stock solution with 4 parts isopropanol. Cells were fixed with 10% formalin, then stained with working ORO solution for 30 min. The staining solution was removed and the cells were washed 4 times with distilled water. Cells were imaged with an inverted microscope (Axiovert S100, Carl Zeiss, Inc.) equipped with Zeiss A-Plan 10× (NA 0.25) and LD A-Plan 32× (0.40) objectives. Images captured by a Sony Exwave HAD CCD camera were acquired using ImageJ software (NIH). Photoshop software (Adobe Systems Inc.) was used to adjust brightness and contrast levels over the entire image.
Statistics. Data are reported as mean ± standard deviation. One-way ANOVA was performed, followed by a Tukey-Kramer post-hoc test. Differences between data points were considered statistically significant if p < 0.05. In bar graphs, groups that are statistically different (p < 0.05) are labeled with different letters.
Results
Depolarization during osteogenic differentiation. We quantified several bone markers to determine whether depolarization affects the progression of osteogenic differentiation: gene expression of alkaline phosphatase (ALPL) and bone sialoprotein (IBSP) on Day 7; ALPL activity on Day 14, and calcification on Day 21. ALPL expression was lowered in HK-treated cells of Donors A, B, and D by 1.75-, 1.98-, and 1.88-fold, respectively ( Fig. 1A -E, p < 0.05). The two remaining donors did not exhibit a statistical difference in ALPL expression; one of these donors additionally did not exhibit a difference in ALPL levels between the osteogenic and undifferentiated groups. IBSP expression was consistently and significantly increased upon osteogenic differentiation among all donors ( Fig. 2A-E) . IBSP levels were lowered in HK-treated cells of Donors A, B, and D, showing a 3.32-, 2.41-, and 7.88-fold difference (p < 0.05). IBSP levels did not significantly response to HK in Donor E, while IBSP levels unexpectedly increased in HK-treated Donor C cells (2.63-fold, p < 0.001). ALPL activity, measured on Day 14, was an overall poor indicator of osteogenic differentiation. Only one donor (Donor D) exhibited a significant increase in ALPL activity after osteogenic differentiation relative to undifferentiated cells, and the effect of HK on the enzyme activity varied widely among donors, including increased activity, decreased activity, and no effect relative to the osteogenic group (Supplemental Fig. 1A -E). Total calcium content, by contrast, was a reliable osteogenic marker: calcium content was elevated between 6.56-to 24.18-fold in all osteogenic cells compared to undifferentiated cells ( Fig. 3A -E, p < 0.01). The effect of HK on calcium content was similarly consistent, decreasing significantly in all donor cells (Fig. 3A -E, 6.21-to 62.94-fold, p < 0.01). Overall, we conclude that IBSP expression and calcification are the most consistent osteogenic markers for donor-to-donor comparison of hMSC responses to V mem perturbation, and that HK suppression of these markers is seen for three out of five donors and five out of five donors, respectively. ALP expression and activity, in contrast, were less consistent among donors and therefore may not be suitable markers for evaluating differentiation response.
Depolarization during adipogenic differentiation. HMSCs were differentiated into adipocytes and evaluated for the effect of HK treatment on several adipogenic markers, including peroxisome proliferator-activated receptor γ (PPARG), lipoprotein lipase (LPL), and fatty acid binding protein 4 (FABP4) transcript expression (Figs 4-6A-E). In general, transcripts showed clear upregulation upon adipogenic differentiation compared to undifferentiated hMSCs, establishing their suitability as adipogenic markers. The one exception was PPARG expression in Donor E, where although the transcript was upregulated upon differentiation, the difference was not found to be statistically significant (Fig. 4E , p = 0.066). LPL response to HK treatment was the most consistent among all five donors, exhibiting a decrease in all donors compared to the untreated adipogenic group (Fig. 5A-E However, in Donor E, PPARG and FABP4 expression increased by 1.74-and 2.08-fold, respectively, with only FABP4 being statistically significant (Figs 4E and 6E, p < 0.01). We conclude that HK-mediated suppression of adipogenic transcript expression is clearly seen in four out of five donors.
Similarly, Oil Red O staining of lipid droplets showed modulation of adipogenic differentiation with depolarization. In Donors A, B, C, and D, HK-depolarized cells clearly exhibited a decreased frequency of positively stained cells (Fig. 7) . Donor E cells, however, did not show an appreciable difference between depolarized and non-depolarized adipogenic cells (Fig. 7E) . This result is consistent with Donor E cells demonstrating an atypical response to depolarization with respect to PPARG and FABP4 gene expression, as discussed above. Thus, overall, differential Oil Red O staining was seen in four out of five donors, and the one unresponsive donor could be predicted from its aberrant adipogenic gene expression pattern. Depolarization after osteogenic pre-differentiation. We conducted similar experiments on hMSCs pre-differentiated into osteoblasts. HK was added to the cells after pre-differentiation, and we measured ALPL and IBSP expression, ALP activity, and calcification on Day 21. ALPL expression, although significantly different in the osteogenic group (OS-OS) relative to the undifferentiated group (CON-CON) in all donors, was either unchanged after HK treatment (Donors A, B, D) or slightly elevated after HK treatment (Donor C: 1.90-fold, p < 0.001; Donor E: 1.44-fold, p < 0.001) compared to the untreated osteogenic group (Fig. 1F-J) . As in the above results with hMSCs depolarized immediately at the start of osteogenic differentiation, we found ALPL activity to again be an inconsistent osteogenic marker: osteogenic cells were found to have the same, increased, or decreased enzyme activity relative to undifferentiated cells in the five donors, and depolarization generally had no significant effect in four out of the five donors (Donors B, C, D, E) (Supplemental Fig. 1F-J) . IBSP expression was significantly elevated in the osteogenic group compared to the undifferentiated group in four donors (Donors A, C, D, and E) (Fig. 2F-J) . Upon HK treatment, these four donors exhibited consistently lower IBSP transcript levels compared to the untreated osteogenic group (1.36-to 2.57-fold decrease, p < 0.05, Fig. 2F-J) . Calcification again performed well as a bone marker across donors: in all five donors, osteogenic cells exhibited significantly increased calcium levels relative to undifferentiated cells (7.06-to 31.88-fold increases, p < < 0.001, Fig. 3F-J) . Additionally, HK treatment resulted in significantly decreased calcium levels in four out of five donors (2.46-to 4.25-fold decrease, p < 0.05, Donors B, C, D, E) (Fig. 3F-J) . Overall, we found that IBSP transcript levels and calcium levels were the most consistent markers for evaluating maintenance of the osteogenic phenotype, and that depolarization resulted in decreased marker expression in four out of the five donors. Our results were less consistent for ALPL: enzyme activity varied widely among all samples from all donors, such that a definitive pattern was not observed, and transcript expression, while showing consistent upregulation in the osteogenic groups, did not show a clear depolarization response.
Depolarization after adipogenic pre-differentiation. In hMSCs pre-differentiated toward adipocytes, we evaluated the effect of HK treatment on maintenance of the adipogenic phenotype, as measured by PPARG, LPL, and FABP4 transcript expression on Day 7. We verified that expression of these genes was higher in untreated differentiated cells compared to controls in all donor cells. We then examined the response of cells to one week of HK treatment after two weeks of pre-differentiation. Depolarization suppressed PPARG expression in three out of five donors (Donors A, B, C; 2.1-to 4.9-fold; p < 0.001), while having no significant effect for the other two donors (Donors D and E) (Fig. 4F-J) . LPL and FABP4 expression were suppressed by depolarization in all five donors (LPL: 1.9-to 10.1-fold, p < 0.001, Fig. 5F -J; FABP4: 1.2-to 7.4-fold, p < 0.01, Fig. 6F-J) . Thus, LPL and FABP4 expression in hMSC-derived adipocytes exhibited a more consistent response to depolarization across donors compared to PPARG expression. However, the extent to which LPL and FABP4 expression was modulated by depolarization was different among donors, with Donors D and E showing the lowest fold-change for these two markers (1.2-to 2.3-fold for Donors D and E, compared to 2.8-to 10.1-fold for Donors A, B, and C).
Oil Red O staining was also performed to visualize lipid formation. Donors A, B, and C exhibited a lower frequency of positively-stained cells in the depolarized group (AD-HK) compared to the adipogenic group (AD-AD), which is in good agreement with the gene expression data (Supplemental Fig. 2A-C) . However, Donors D and E did not exhibit an appreciable difference in staining with depolarization (Fig. 2D,E) , which is also consistent with the gene expression data that indicated a lower degree of response in these cell lines.
Discussion
Growing interest in the electrophysiology of pluripotent stem cells has been stimulated by increasing evidence that endogenous bioelectric properties play important roles in non-excitable cell functions, and that these properties may be exploited to control stem cell behavior and better characterize them for therapeutic purposes. For example, the transcriptome of induced pluripotent stem (iPS) cells has been profiled, revealing significant expression of Ca v , Na v , Kv, KCa, 2-pore K + , and HCN channels. iPS cells expressed IK DR currents, and K + channel block with tetraethylammonium (TEA) inhibited proliferation and viability, reduced the proportion of cells in the G0/G1 phase, and increased the proportion of cells in G2/M. Human and mouse embryonic stem cell (ESC) subpopulations display heterogeneous expression of IK DR currents 43 . In mouse ESCs, depolarization by blockade of Kv channels results in not only decreased proliferation, but also loss of pluripotency, as measured by loss of Oct-4, Sox-2, and Nanog expression, and an increase in expression of early germ layer markers, particularly of the mesendoderm and trophectoderm 44 . The state of V mem polarization may thus regulate the differentiation capacity of ESCs. Since Kv channel activity is largely responsible for setting the resting membrane potential in these cells, Kv activity may function as a switch between the decision to self-renew or to differentiate 44 . In cells from the adult mouse hippocampus, V mem depolarization was found to activate stem-like properties in latent stem and progenitor cells, similar to the role of resting potential in directing embryonic brain precursor cells 45 . Depolarization with KCl increased the number of neurospheres generated from hippocampal cells and activated a subpopulation of stem and progenitor cells that had greater self-renewal capacity than unactivated cells, that maintained multipotentiality, and that had the capacity to generate neurons 46 . In bone marrow-derived hMSCs, ionic currents including IK Ca , IK DR , transient outward K + currents, and slow-activating currents have been detected. Expression of Kv4.2, Kv4.3, MaxiK, L-type Ca 2+ channels, and HCN ion channels may be responsible for the detected currents 33, 34 . V mem hyperpolarization has been shown to accompany and be required for differentiation of hMSCs toward osteogenic and adipogenic lineages. Disruption of normal V mem progression by induced depolarization (via ouabain blockade of Na + /K + ATPase activity or by high extracellular [K + ]) resulted in reduced differentiation capacity, while hyperpolarization by K + channel agonists resulted in augmented osteogenic differentiation. These results suggest that V mem can be a tractable control point for modulation of stem cell differentiation in a bi-directional fashion 35 . Indeed, in vivo, rational control of V mem can induce organ-level reprogramming, inducing whole eyes and brains in ectopic locations 47, 48 . Although these and other studies suggest that the electrophysiological state can be modulated for desired functions, a major concern in employing such manipulations for stem cell therapies and tissue engineering is the issue of stem cell heterogeneity, especially related to differentiation capacity and differentiation lineage biases. The donor-to-donor heterogeneity of hMSCs is well documented. In a study of bone marrow stromal cells from seventeen donors, cell growth rate exhibited a 12-fold variation 17 . Colony-forming potential and cell surface marker expression also differ between donors 20, 21 . A proteomic profiling study revealed significant donor variation in protein expression in undifferentiated hMSCs across six donors 22 . Of the total number of non-redundant proteins from the six cell lines, one out of six identified proteins was expressed in only one cell line and not the others, and only 13% of the total identified proteins was expressed in all cell lines 22 . Differentiation potential is also a major phenotypic variable among hMSCs. For example, ALPL enzyme activity varied up to 40-fold in undifferentiated hMSCs from seventeen donors, and the level of ALPL induction upon osteogenic stimulation varied between 1-and 17-fold 17 . A separate study comparing nineteen donors found a similar variability in ALPL expression: the percentage of ALPL-expressing cells in a non-induced population varied between 1 and 33%, and the level of ALPL induction upon stimulation varied between 1.3-and 3.8-fold 18 . Osteogenic gene expression was also studied in multiple hMSC donors, and investigators found wide variations in the mRNA levels of ALPL, IBSP, parathyroid hormone receptor (pTHR), collagen type I, osteocalcin, osteopontin, osteonectin, and S100A4 17, 18 . Additionally, two out of three donors' hMSCs exhibited in vitro calcium deposition, and three out of four donors' hMSCs induced bone formation in in vivo cell transplantation experiments 18 . In a separate study, in vivo bone forming capacity was reported in 58.8% of strains from single colonies derived from four donors 19 . A study comparing the adipogenic potential of hMSCs from two donors reported differences in adipocyte precursor frequency and adipogenic gene expression changes over the course of passaging 20 . Another study quantified endothelial-like differentiation of hMSCs from twenty donors, and large variability was found in the cells' endothelial-like tube formation efficiency and endothelial gene expression 23 . Collectively, these data point to significant heterogeneity in the inherent properties of hMSCs from different donors, particularly in their differentiation capacity.
Data from the present study is largely in agreement with the reports of inter-donor hMSC heterogeneity in the literature. Of all the osteogenic markers examined in our study, ALPL expression and activity were the most variable among donors, regardless of the state of membrane polarization. ALPL activity varied by as much as two orders of magnitude between donors (Supplemental Fig. 1 ). Induction of ALPL expression by osteogenic stimulation differed by as much as one order of magnitude between donors (Fig. 1) . In some donors, osteogenic induction did not cause any increase in ALPL activity or expression (Fig. 1A-E, Supplemental Fig. 1 ) compared to undifferentiated controls, potentially calling into question whether ALPL can be considered an osteogenic marker. Some donors that failed to exhibit increases in ALPL activity or expression nevertheless exhibited expected patterns for other osteogenic markers (e.g., IBSP expression or calcium content). IBSP expression and calcium content were consistently and significantly upregulated upon osteogenic induction in all donor cells. Thus, these data suggest that assessment of osteogenic differentiation should ideally be performed with more than one osteogenic marker, and that the markers should be validated in each donor's cells.
For adipogenic differentiation, we found that the transcripts chosen for evaluation generally performed well as adipogenic markers (exhibited significant increases upon adipogenic induction). Transcript expression was consistently responsive to adipogenic induction across donors. One donor showed a small variation, where due to large variability within the population, the upregulation of PPARG to adipogenic induction was not statistically significant (Donor E, Fig. 4E ). Oil Red O staining was also a strong assay for detecting lipid accumulation in induced cells compared to undifferentiated cells (e.g., Fig. 7 , compare AD column with CON column). We observed significant inter-donor variation in the degree to which each donor's cells upregulated adipogenic transcript expression compared to their respective undifferentiated cells. For example, the level of LPL induction varied by up to 4-fold between donors (Fig. 5) , and the level of FABP4 induction varied approximately up to 14-fold between donors (Fig. 6 ). These differences are reflected in the differences in frequency of Oil Red O stained cells between donors (Fig. 7 , compare images in AD column). These data indicate that there was substantial variation in the degree to which each donor's hMSCs could express each marker, potentially reflecting differences in adipogenic capacity between donors.
Using the tissue-specific markers that performed adequately as differentiation markers (i.e., IBSP, calcium, PPARG, LPL, FABP4, and Oil Red O), we then examined whether different donors' cells responded consistently to V mem depolarization. In evaluating whether these markers were consistently depolarization-responsive, we chose to focus on quantifying the fraction of donors that exhibited statistically significant changes upon depolarization, rather than the magnitude of the change (e.g., fold-change values). Due to the inherent variation in each donor's expression of differentiation markers, the fold-changes induced by depolarization are only meaningful when considered in the context of the cells' baseline differentiation capacity. Additionally, because differentiation is a complex process involving multiple cell functions, it is important to evaluate a set of characteristic markers rather than the fold-change magnitude of one marker alone. Therefore, in determining which markers responded most consistently across donors, we did not define specific criteria for the magnitude of gene expression changes. Rather, we looked for consistency in the response of these markers (upregulation or downregulation) across multiple donors.
HK-induced suppression of osteogenic differentiation was seen in three out of five donors as measured by IBSP expression, and five out of five donors as measured by calcium content (Figs 2A-E and 3A-E) . When osteogenic cells were depolarized after pre-differentiation, four out of five donors exhibited lowered IBSP expression and four out of five donors exhibited lower calcium content compared to non-depolarized cells in four out of five donors. Interestingly, the donor that responded atypically was different for IBSP and calcium in this latter study, indicating that heterogeneity can be seen in the response of individual differentiation markers, rather than the entire osteogenic profile.
During adipogenic differentiation with HK, LPL suppression was observed in all five donors, while PPARG and FABP4 suppression were observed in four out of five donors. The atypical response for PPARG and FABP4 were both found in Donor E, where HK upregulated transcript expression instead of suppressing it. Evaluation of lipid accumulation by Oil Red O staining also revealed that Donor E cells did not exhibit an appreciable difference in staining between cells differentiated with or without HK. Thus, in contrast to osteogenic differentiation, the outlier donor for adipogenic differentiation was the same donor for all markers. After adipogenic pre-differentiation, HK-induced suppression was observed in three out of five donors for PPARG expression, and five out of five donors for both LPL and FABP4 expression. It is worth noting that PPARG is considered an early adipogenic marker, while LPL and FABP4 are markers for later stages of differentiation. This could explain why PPARG is less responsive to late depolarization in some donors: in these cells, perhaps the window of time for significant PPARG modulation has passed, and the cell instead modulates expression of the markers that are more relevant to the adipogenic stage at which HK is introduced (e.g., LPL and FABP4).
The present study focuses exclusively on inter-donor stem cell heterogeneity. However, additional studies in the literature have reported not only inter-donor stem cell variability, but also variability within a stem cell population from a single donor source. In vitro differentiation studies of bone marrow-derived hMSCs have shown that this population consists of a mixture of undifferentiated stem/progenitor cells and lineage-restricted precursors which have different capacities for differentiation toward osteogenic, adipogenic, and chondrogenic lineages 17, 19, 49, 50 . Other adult stem cell populations exhibiting heterogeneity include intestinal stem cells and hematopoietic stem cells 51 . Similarly, cell populations differentiated from embryonic stem cells display heterogeneous phenotypes despite stimulation with specific growth factors [52] [53] [54] . Electrophysiological characterization of the phenotypically-distinct subpopulations within these stem cell populations may provide clues about how ion channels and currents contribute to the differences in their differentiation capacities and lineage biases, as has been shown in neuroblastoma cells 55 . Another source of heterogeneity may be the specific organ or anatomical location from which the cells are derived. Studies that compared mesenchymal stem cells derived from the bone marrow, adipose tissue, placenta, and umbilical cord [56] [57] [58] reported differences in their proliferative and differentiation capacities. Similarly, fetal and adult human fibroblasts derived from skin at different anatomical locations displayed different characteristic gene expression patterns 59 . While the data in the present study do not provide specific information about intra-population variability in hMSCs or about variability arising from different tissue sources, they do suggest that the assays that performed most consistently across donors may be the most useful for future studies addressing other sources of variability in hMSCs.
Future studies may also examine whether three-dimensional (3D) cultures of hMSCs would exhibit similar levels of heterogeneity during depolarization as the 2D cultures in this study. We previously developed a 3D culture system to study the effect of membrane potential stimulation on wound healing 60 . Interestingly, high K + treatment had different effects depending on spatial location within the wound model (wound center vs. surrounding tissue). One potential explanation for the different observed responses is that the spatial variables introduced by the 3D culture system may intensify any intra-population differences. From these observations, if 3D models were used to compare different donors' cells, we would expect that in addition to seeing variability among different donors, as in the current study, we would also observe increased intra-population variability within a single 3D culture system caused by spatial effects.
Overall, this study provided an analysis of hMSC heterogeneity across multiple donor sources, specifically with respect to their inherent differentiation potential and their differentiation response to electrophysiological perturbations. Our results indicate that, consistent with the literature, there was a baseline degree of variability among the donor cells' ability to express tissue-specific markers. The specifics of this heterogeneity cannot always be summarized by identifying one outlier donor or one outlier assay, suggesting the need to systematically characterize each cell line that will be used for further analysis. Furthermore, there was additional variability in donor cell response to V mem depolarization, and that this variability was not always predictable based on the inherent heterogeneity of hMSC differentiation capacity. However, for each donor, there was at least one osteogenic marker and one adipogenic marker that responded to depolarization in the expected manner. Based on this screen, we suggest that IBSP expression, calcium deposition, LPL expression, and FABP4 expression are the preferred markers for assessing differentiation response to V mem depolarization, but a full characterization of a cell source with all markers is preferred. Donor-specific characterization of primary stem cells will be increasingly important as stem cell transplantation and personalized medicine strategies are being developed for clinical therapies.
